The methylation pattern of radish Raphanus sativus nuclear rDNA has been investigated using the Hpa II, Msp I, and Hha I restriction enzymes. The presence of numerous target sites for these enzymes has been shown using cloned rDNA fragments. A large fraction of the numerous rDNA units are heavily methylated, being completely resistant to Hpa II and Hpa I. However, specific sites are constantly available in another fraction of the units and are therefore unmethylated. Although site-specific methylation of eukaryotic DNA is considered to play a key role in gene regulation (13, 26, 31) , there is so far very little information concerning higher plant genes. It has been known for a long time that higher plant DNA has a much higher 5-methylcytosine level than animal DNA (29), and plant DNA is usually considered to be heavily methylated (18, 19 (Fig. 1) . This fragment spans the 3' moiety of the 18S r RNA sequences, the internal transcribed spacer, and the 5' part of the 25S rRNA sequence (11). Bacteriophage A RA 2 results from the cloning of Eco RI partial digests of radish DNA into A gt WES/A B vector (22) .
Although site-specific methylation of eukaryotic DNA is considered to play a key role in gene regulation (13, 26, 31) , there is so far very little information concerning higher plant genes. It has been known for a long time that higher plant DNA has a much higher 5-methylcytosine level than animal DNA (29) , and plant DNA is usually considered to be heavily methylated (18, 19) . It is therefore relevant to investigate the methylation pattern of specific plant genes and compare it with the animal situation. Preliminary observations have suggested that plant rDNA is almost completely methylated at Hpa II sites (15, 27, 30) and more detailed studies have revealed a complex methylation pattern for flax 5S rRNA genes (17) and for a satellite DNA sequences from Scilla (12) . A recent study dealing with flax rDNA has established that some specific Hpa II sites are hypomethylated (14) . Flax rDNA genes seem to be fairly homogeneous (16) , a situation different from that in many other species. For instance, in radish there are approximately 6500 repeat units which belong to different type classes depending on their Eco RI and Bam HI patterns (10, 11) Whether or not all these units are functional during the life cycle of the plant and whether there are any structural differences between an active and an inactive unit is not known. In an attempt to answer these questions, we have investigated the methylation pattern of rDNA in radish. ' Supported by the Centre National de la Recherche Scientifique ( (Fig. 1) . This fragment spans the 3' moiety of the 18S r RNA sequences, the internal transcribed spacer, and the 5' part of the 25S rRNA sequence (11) Specific Hpa II (CCGG) Sites Are Hypomethylated. Methylation of the C residues in this sequence can best be studied using the pair of isoschizomers, Hpa II and Msp I, which have a different specificity with respect to methylation. Both enzymes cut unmethylated sequences. Hpa II cuts sites methylated on the first C but not those methylated on the second. On the other hand, methylation of the first, but not the second C blocks Msp I digestion. If both Cs are methylated, neither enzyme is able to cut the sequence (23) .
We also made use of the fact that cloned DNA prepared from a cytosine methylation-deficient host such as E. coli HB 101 or K 803 is not modified on C residues to demonstrate the presence of numerous CCGG sites in radish rDNA. For example, the largest Hpa II fragment in pRE 12 insert (2600 bp long) is 390 bp. Similarly, the largest fragments in X RA2 insert (4400 bp long) are 1200 and 690 bp. Hpa II digests the flax rDNA unit inserted in pBG 35 into two large fragments of 1600 and 800 bp and many others smaller than 600 bp.
We digested chromosomal rDNA with Hpa II, run it on 0.7% and 1% agarose gels and hybridized the digests with a complete rDNA unit probe, pBG 35, and a partial probe X RA 2 ( Fig. 2) pRE 12) . From the intensity of the 1630 bp fragment, it can be deduced that this second possibility is less frequent than the first. Since the 1100 bp fragment between sites 5 and 6 is clearly detected on the autoradiograph, we have to conclude that the two major Hha I sites are also simultaneously cleaved in another class of rDNA unit. Two other Hha I fragments (600 and 400 bp) have been detected in pRE 12. They can be seen on chromosomal digests indicating that in some units these sites are cut too. However, these six additional sites have a lower probability of being cut than the two major ones. For instance, we should have detected at least two bands between 2050 and 2600 bp if the two sites on the left of B2 were cut as frequently as the major HhaI site.
These data are summarized in Figure 4 which shows that there are at least five major methylation patterns in the probed region. (Fig. 3,  lane 9 ). In addition, using pRE 12 as a probe, it is possible to distinguish between unit types with specific Eco RI patterns (1 1 and this paper; Fig. 1 ). We have examined the Eco RI + Hha I pattern for preferential destruction of some Eco RI fragments. The pattern in figure 3 (lanes 6-9) shows examples ofpreferential cleavage of one fragment. Fragment Eco RI C overlaps Eco RI fragments E, F, and H. Eco RI C and E hybridize similarly to pRE 12 in single Eco RI digests and F to a lesser extent. In double digestion (lanes 7 and 9), fragment C is completely destroyed whereas the intensity of E and F is only slightly reduced. This observation demonstrates that most of the available Hha I sites are located in the rDNA units containing fragment Eco RI C rather than in the units containing fragments E or F. This implies that the units containing C are much less methylated on HhaI site than the others. A similar observation has been made in the large spacer region which is covered by fragments A, B, and D. Only D is completely destroyed by Hha I (not shown).
Changes in the Methylation Pattern. Since it is apparent from the above study that the different rDNA units are not all equivalent with respect to methylation, we investigated the methylation pattern of rDNA prepared from different tissues and from plantlets grown in different conditions. DNA was prepared from dry embryo axes and from dry cotyledons. These two organs are transcriptionally inactive and rRNA synthesis progressively resumes during germination (1, 9) and achieves its maximum rate between 24 and 48 h. RNA synthesis is also very active in 34-d old green hypocotyls and cotyledonary leaves. Finally we also extracted DNA from the first leaf (1 week old) and from older leaves (4 weeks old) which are much less active with respect to RNA synthesis. In addition, these different tissues offer the 630 DELSENY ET AL.
www.plantphysiol.org on January 16, 2018 -Published by Downloaded from Copyright © 1984 American Society of Plant Biologists. All rights reserved. possibility of examining the possible effect oflight in determining the methylation pattern because dry embryo axes, dry cotyledons, and 48-h-old seedlings are etiolated tissues. DNAs from these tissues were digested with Hha I and probed with pBG 35. The results are shown in Figure 5 . The patterns are more complex with this probe than with pRE (14) . Our experiments add new information concerning another series of sites, the Hha I sequence. Similar conclusions are derived for the two types of sequences. Variable base modification on rDNA has also been shown for pumpkin (27) (26) , this would indicate that the different units are not equivalent with respect to transcription.
The third point which merits further comment is the observation of discrete changes in the pattern depending on the tissues ofthe growth culture conditions. We found two clear cut changes in dry embryos axes. It is difficult to correlate these changes in the Hha I pattern with transcriptional activity since these changes were not found in another transcriptionally inactive tissue, the dry cotyledons, and there are very few differences between the other tissues. Another possibility is that methylation is tissue specific rather than reflecting the transcriptional activity. Tissue specific or developmental changes in the methylation pattern of rDNA (6, 7, 21) and other genes (13, 26, 31) have been noticed in animals. A developmental specific change in the methylation pattern of a zein gene has also been reported recently (28) . We do not observe any change between green and etiolated tissues.
Careful analysis of the rDNA promotor region and analysis of a greater number of sites will be necessary before we can determine whether the methylation pattern is related to transcriptional activity. However, this study gives evidence that we can find some functional differences between the numerous rDNA copies.
